The autonomously replicating parvoviruses are animal viruses with linear single-stranded DNA genomes and icosahedral capsids (13, 26, 28, 31) . H-1 is one of the group of parvoviruses of rodents that includes Kilham rat virus, minute virus of mice (MVM), and H-3 (28) . These viruses have a high degree of nucleotide sequence homology and can complement each other for many functions (3, 14, 21, 24) . Other parvoviruses less closely related to the rodent group, such as canine parvovirus, feline panleukopenia virus, porcine parvovirus, and bovine parvovirus are important pathogens of their respective hosts (2, 28) .
The method of replication of parvoviruses involves the synthesis and replication of a duplex replicative form DNA (RF DNA), but many of the details of the replication process are unknown (31) . Analysis of several temperaturesensitive mutants of H-1 has indicated that one or both of the capsid proteins, VP1 and VP2', are required for progeny single-stranded DNA synthesis (19) . The phenotypes of a deletion mutant of H-1, dll, as well as defective interfering particles, suggest that a viral protein (RF rep) is also required for replicative form DNA replication (22) (23) (24) . In addition, a protein has been found covalently bound to the 5'-termini of both the plus and minus strands of RF DNA (19) . It has been suggested that the terminal protein is a site-specific nickase required for RF DNA replication (25) . Except for the capsid proteins VP1 and VP2', there has been no evidence that parvoviruses contain the genes for one or more of these other proteins implicated in their replication process.
The H-1 parvovirus is known to encode two capsid proteins designated VP1 (88,000 daltons) and the major capsid protein VP2' (68,000 daltons) (9, 10) . Two other capsid proteins which have been reported are VP2, which is a post translational cleavage product of VP2', and VP3, which appears to be a breakdown product of VP2' and perhaps VP1 (16) . Nearly all of the amino acid sequence of VP2' appears to be contained within VP1 for the parvovirus MVM (30) , and these two proteins are highly homologous in H-1 as well (P. R. Paradiso, this paper and unpublished data). Studies on H-1 mRNA (7, 12) have identified two promoters in the H-1 genome mapping at positions 4 and 38, and three major cytoplasmic mRNAs of 4,700, 3,000, and 2,800 bases, each of which is spliced RNAs with a 2.6-kilobase (kb) common, unspliced region. The 2.8-and 3.0-kb mRNAs are present in a ratio of approximately five to one (12) , which is the same as the ratio of VP2' to VP1 in the capsid (8) . This ratio and the large regions of homology in both the RNAs and proteins leads to the speculation that the 2.8-kb mRNA encodes VP2' and the 3.0-kb mRNA encodes VP1 (7) . Furthermore, Tal et al. (29) have identified an MVM message in which 30% of the sequences, those between map positions (m.p.'s) 9 and 39, have been spliced out.
To derive information on the structure of parvovirus capsid proteins and the possible existence of genes for noncapsid proteins, we have determined the nucleotide sequence of H- Molecular cloning of parvovirus DNA. H-1 RF DNA was used as the source of H-1 DNA as described previously (25) . In addition, the M13 vector mp7-01, kindly provided by David Bentley, Oxford University, was used in some cases. The cloning of HhaI fragments was carried out by first making flush ends with T4 DNA polymerase treatment in the presence of each dNTP at 100 p.M for 30 min at 37°C before the addition of EcoRI linkers and cloning in M13 mp5. Fragments generated by XbaI, Avall, and EcoRII were similarly made to have blunt ends before cloning.
DNA sequencing. Sequencing reactions and gel conditions were as previously described (25, 27 (11) and analyzed by fluorography as described by Bonner and Lasky (5). The peptide mapping gel was done according to the procedure of Cleveland et al. (6) . H-1 mRNA was translated, cold carrier capsid protein was added, and the proteins were separated on a 7.5% polyacrylamide gel and stained with Coomassie brilliant blue. 3H-labeled capsid proteins were also included as a control. The appropriate bands were sliced out and analyzed on a 15% polyacrylamide gel in the second dimension in the presence of 10 p.l of S. aureus V8 protease (0.1 absorbance unit at 280 nm per ml).
Purification and amino acid analysis of viral proteins. VP1 and VP2' were purified out of a 7.5% acrylamide preparative slab gel with a single 10-cm sample lane after staining with Coomassie brilliant blue. Proteins were eluted from stained gel bands by soaking in 70% formic acid, and the stain was removed by passing the concentrated eluate (100 p.l) over a 1-mi Bio-Gel P-6 column in 70% formic acid and collecting everything that eluted ahead of the dye. Aliquots were dried and hydrolyzed in 6 N HCl-0.2% phenol for 24 h at 110°C with subsequent amino acid analysis performed on a Beckman 121M analyzer equipped with an Autolab computing integrator.
RESULTS
Nucleotide sequence of H-1. The nucleotide sequences of the terminal 126 nucleotides from the 3' end of H-1 minus-strand DNA and the terminal 644 nucleotides from the minus-strand 5'-terminus which includes the origin of replication have been reported (3, 25) . In this study, we determined the sequence beginning with the HhaI site at nucleotide 59 (numbering from the 5'-terminus of the plus or sense strand) (Fig. 1) . Both DNA strands were independently analyzed. The sequencing strategy used is outlined in Fig. 2 .
We obtained a slightly different sequence within the 5'-hairpin (plus strand) than that previously reported, which consisted of an addition of a T at nucleotide 62, an interchange of nucleotides 71 and 72, and a deletion of a T that would have been nucleotide 86 (3). This change in the sequence results in a slightly more perfect hairpin, but it would seem to have no other profound consequences. All restriction sites representing fragment boundaries were sequenced as internal sites in other overlapping fragments, except for the terminal H/hal site at nucleotide 59, the EcoRI site at 1,086, and the terminal Hindll site at 5,169 (25) .
Location of the open reading frames. The sequence of the plus strand was divided into the three reference reading frames, and the positions of stop codons and AUG codons in each of the reference reading frames were determined (Fig. 3) . In the first reference reading frame, there is an open reading frame (frame 1) of 2,139 nucleotides or 713 codons from nucleotide 141 to 2,279. However, the only TATA sequence indicative of a promoter for this reading frame is at nucleotide 180, and the first available AUG start codon is at nucleotide 264. If frame 1 is translated without interruption through RNA splicing to the terminator at nucleotide 2,280, a protein of 672 amino acids or a molecular weight of 76,000 would be produced.
In the second reference reading frame, another large open reading frame (frame 2) is located between nucleotides 2,386 and 4,572. This represents 729 codons, which would generate a protein of about 79,300 daltons. This reading frame has promoter sequences preceding it at m.p. 38 (nucleotide 1.979; Fig. 1 ).
Codon usage. Although the exact arrangements of the coding sequences into the parvovirus capsid proteins VP1 and VP2' and the NCVP1 have yet to be determined, the codon usage for frame 1 and frame 2 was tabulated (data not shown). The codon frequencies for frame 1 are similar to those for frame 2, except for the Val codon GUG, the Glu codon GAU, the Arg codon CGA, the Gly codon GGG, and the Cys codon UGU, which differ by more than factors of 3. The arginine codons beginning with AG are much more frequent than those with CG in both open frames. Codons with CG in the second and third positions are also infrequent. This is similar to the reported bias against CG pairs in other eucaryotic DNA viruses (13, 15) .
Minus strand. The only RNAs transcribed from parvovirus DNA that have been reported to date are complementary to the minus strand (7, 29) . In the present study, analysis of Figure 4 shows the positions of the translated capsid proteins VP2' and VP1, which are absent (or at least greatly reduced) in the translated mock-infected cell RNA. Furthermore, the infected-cell RNA encoded large amounts of a protein with an apparent molecular weight of 84,000 (P. R. Paradiso, Fed. Proc. 41:1278 ). This protein is clearly absent in the mockinfected RNA translation. To look directly at the virus-specific proteins, immunoprecipitations were done with two different anti-H-1 sera: hamster serum from animals that survived neonatal infection, and guinea pig antiserum raised against purified capsid proteins. The hamster H-1 antiserum was found to precipitate the two capsid proteins VP1 and VP2' as well as the 84,000-dalton (84K) protein (Fig. 5 , lane 2). The guinea pig H-1 antiserum, on the other hand, precipitated only VP1 and VP2' but not the 84K protein (Fig. 5, lane 3) . Interestingly, the serum from hamsters surviving a neonatal infection with the parvovirus MVM(i) also reacted with all three viral proteins (Fig. 5, lane 3) . When mockinfected cell RNA was used, none of these products was precipitated (data not shown).
The fact that the 84K protein did not react with the guinea pig antiserum against the capsid proteins suggested that it was not a degradation product of VP1 or a precursor to VP2'. This conclusion was confirmed by peptide mapping, using the method of Cleveland et al. (6) (data not shown). Thus, the 84K protein is virus specific but noncapsid in nature, and will be referred to from here on as noncapsid protein 1 (NCVP1 3) has been assigned to the capsid proteins VP1 and VP2', but the detailed arrangements of the coding sequences for these two proteins are unknown. The noncapsid nature of the NCVP1 protein is indicated by the fact that (i) it does not react with antiserum to purified capsids and (ii) it has never been identified as a protein component of purified H-1 virus (9, 18) . A protein with the same characteristics as NCVP1 has been immunoprecipitated from extracts of H-1-infected cells (P. R. Paradiso, unpublished data), and a similar protein has recently been reported for the parvovirus Aleutian disease virus (4) .
The HART data indicate clearly that NCVP1 utilizes reading frame 1 (see Fig. 6 ) and terminates to the left of map position 49, since the 49.5-55.2 H-1 DNA did not arrest the NCVP1 mRNA translation. The protein presumably initiates at nucleotide 264, which is the first AUG start signal downstream of the promoter at nucleotide 180, and terminates either at nucleotide 2,280 in reading frame 1 or at nucleotide 2,303 in frame 3 via a splicing mechanism. In either case, the DNA sequence predicts a molecular weight of ca. 76,000 for NCVP1, which is 10% smaller than predicted from gel electrophoresis. Lanes 4, 5, and 6 of Fig. 7 also show apparent truncated proteins with approximate molecular weights of 65,000, 68,000, and 72,000, respectively. The DNA sequence predicts that truncation of NCVP1 at m.p.'s 35, 36, and 39 would give proteins of 58,000, 59,900, and 65,700 daltons, respectively. Like the intact protein, these truncated proteins are about 10% larger on polyacrylamide gels than predicted by the DNA sequence.
The HART results also show that VP1 and VP2' are predominantly encoded in reading frame 2 (Fig. 4) in the right half of the genome, and they probably terminate at nucleotide 4,573. The leftward boundary of these proteins is still not known. However, the HART data suggest that both are at or to the right of map position 39. 2 Figure 8 shows three potential mRNAs based on the previous mRNA analyses (7, 12, 29) and the data presented in this paper. The predicted mRNA species corresponding to NCVP1, VP1, and VP2' are approximately 4.5, 2.8, and 2.6 kb, respectively. Splice sites have been assigned to accommodate the predicted initiation codons (see above), the known terminator codons, the previously predicted common splice junctions (7) , and the sizes of the proteins. The previously predicted 4.78-kb mRNA (7), which we have NCVP1 I assumed to correspond to NCVP1, was shown to have a common downstream splice junction with the two major mRNA species (7) . We have depicted the NCVP1 mRNA here with splice junctions similar to those of the VP2' mRNA. The splices in the VP1 mRNA permit the use of the promoter at m.p. 4, initiation of protein synthesis in reading frame 1 (see Fig. 6 ), and coding of the bulk of the protein in reading frame 2. Similarly, the VP2' mRNA uses the promoter at m.p. 38, initiates the protein synthesis in reading frame 1, and is spliced into reading frame 2 to encode the remainder of the protein.
The polyadenylate site for all three messages is at m.p. 95. Although these mRNA species are somewhat smaller than predicted by Green et al. (7) , the splicing pattern and the relative sizes are similar.
The discovery of a new parvoviral gene product may help to answer several questions regarding parvovirus replication, since this protein may be the protein covalently linked to the 5' terminus of H-1 RF DNA (19) or the predicted site-specific nickase (25), or both. It is of interest that the approximately 300-base pair deletions found in defective interfering genomes (20) and dll (21) that include m.p. 38 render these genomes fully defective, with no detectable viral proteins synthesized (P. R. Paradiso, unpublished data). This is also the region which arrested the translation of all three virus proteins. The fact that the H-1 NCVP1 was precipitated by the hamster anti-MVM serum suggests that this protein is not unique to H-1 and in fact may be a common product of the autonomous parvoviruses. Parvoviruses appear to make efficient use of their limited coding capacity for the synthesis of viral proteins. Although the exact details of the structure of these mRNAs are not shown, these predictions are compatible with our results and those described previously (7, 12, 29 
